L-chicoric acid is a dominant phenolic compound in lettuce (Lactuca sativa L.) and has been shown to accumulate in response to many abiotic stresses and crop management practices. It is a potent inhibitor of human immunodeficiency virus (HIV-1) integrase needed for the replication of this virus and for the productive infection of the host cell. L-chicoric acid has been found to act synergistically in combination with anti-HIV drugs used for treating acquired immunodeficiency disorder (AIDS). We show in this study that organic management practices increase the chicoric acid content by nearly 2-fold compared to conventional management practices while they did not have a significant effect on the overall accumulation of phenolic compounds and antioxidants. Similar increase was observed in quercetin-3-O-glucoside under organic management. In addition, pre-plant fertilization decreased the levels of many phenolic compounds including chicoric acid under organic management unlike under conventional management. However, organically managed crop without pre-plant fertilization had better growth and produced about 2.5 times higher yield and higher chicoric acid content than did the conventionally managed crop. Thus, the results show that long term organic crop management practices, but avoiding pre-plant fertilization, can significantly enhance the yield of antiretroviral agent chicoric acid in lettuce.
Introduction
Currently drug therapies for treating human immunodefiency virus (HIV-1), the causative agent of acquired immune deficiency syndrome (AIDS), target multiple enzymes that can disrupt the viral lifecycle [1] [2] [3] . For productive infection, this retrovirus needs to incorporate its cDNA into the host genome with the help of the viral enzyme, integrase [4] . Integrase activity is essential for viral replication, a key step in the infection of the host cell, and is inhibited by L-chicoric acid (decaffeoyltartaric acid) which is naturally found in a number of plants species. Extensive studies have shown that both in vivo and vitro chicoric acid is a potent and selective inhibitor of this enzyme with favorable therapeutic indices [5, 6] . In addition, numerous synthetic analogs of chicoric acid have been examined for its efficacy as an antiretroviral agent with favorable results [7] [8] [9] . L-chicoric acid has been found to act synergistically when used in combination with drugs containing reverse transcriptase inhibitors and protease inhibitor and has been found to be equally effective against both wild and drug resistant mutants of HIV-1 [1] . The first drug using integrase inhibitor (Raltegravir) was approved by the US Food and Drug Administration (FDA) in 2007 while still others are being actively tested in clinical trials [10] . The focus on integrase inhibitors, especially L-chicoric acid for developing successful anti-HIV drug therapy, has been a promising area of study [3, [10] [11] [12] .
Although chicoric acid has been identified in multiple plant species including Echinacea [13] , dandelion [14] , basil [15] , and others [16] , lettuce is particularly an attractive source of this phenolic compound since it is a commonly consumed leafy vegetable in many regions of the world including the US. Chicoric acid is a major phenolic compound in lettuce [17, 18] and can accumulate in significant amounts in response to various abiotic stresses including, heat shock, chilling, mild water stress and high light [18, 19] . In addition to abiotic factors, many biotic factors can also influence the accumulation of phytochemicals in plants [20] . Therefore, crop management practices and growing conditions are likely to play an important role in affecting the phytochemical content [21] [22] [23] [24] [25] and thereby, providing promising practical strategies to enhance this phytochemical content in lettuce.
To keep pace with the rapidly growing demand for organic foods in the US, organic production has been steadily growing over the past two decades [26, 27] . The increasing popularity of organic food is partly based on the overwhelming consumer perception that they are healthy and are rich in health-promoting nutrients and phytochemicals. Although many studies tend to support this view [21, 25] , a broader review of studies on various crops under varied field conditions suggests that the impact of organic practices on phytochemicals in crops is rather less than conclusive [28, 29] . However, our previous studies have shown that several abiotic factors including growing conditions can lead to accumulation of a number of phenolic compounds in lettuce grown under greenhouse and field conditions [18, 24] . Based on these findings, in this study we examine the effects organic management practices on many phenolic compounds including chicoric acid in lettuce.
Materials and Methods

Experimental Conditions and Plant Material
Seeds of a green leaf lettuce, "Baronet" were germinated in plastic pots, 8 cm × 8 cm × 7 cm (L × W × H), with a growing medium (Metro-Mix 350, Sun Gro, Canada). Seedlings were grown in a greenhouse in Manhattan at Kansas State University for 3 weeks until they were transplanted to field plots and certified organic plots (each plot 9.8 m × 6.1 m; L × W) at K-State Horticulture Research and Extension Center, Olathe, KS. Organic plots were managed organically for the past 5 years in compliance with USDA National Organic Program standards. The field trial was laid out on a completely randomized block design (CRBD) with 3 replications. Based on the analyses of soil samples (Kennebec silt loam) from K-State Horticulture Research and Extension Center, the amount of both organic and conventional fertilizers to be applied was determined. As the organic source, Hu-More 1N-0.4P-0.8K (composted cattle manure and alfalfa hay; Humalfa, Inc., Shattuck, OK, USA) was applied to each plot at 224 kg·ha -1 N. Commercial synthetic fertilizer 13N-13P-13K (Greenskeeper Select Lawn and Garden Fertilizer, T and N, Inc., Foristell, MO, USA) was used for conventional cultivation at 112 kg·ha -1 N. Fertilizers were incorporated into soil 1 week before transplanting the seedlings to the field plots. The plots were irrigated though the drip tape line. Both organic and conventional plots were divided into two groups; namely control (C) that did not receive any fertilizers and treated (F) that received either organic or synthetic fertilizer. From our preliminary studies, high fertility had an adverse effect on the accumulation of phenolic compounds in lettuce and therefore, control plots were selected not to receive any fertilizer application.
Total Phenolic Content
For total phenolic content analysis, 3 leaf samples per treatment from 3 randomly selected plants were collected at the time of harvest. Samples were collected from fully expanded, just matured leaves and frozen immediately in liquid N 2 before transferring them to the laboratory where they were stored at -20˚C until use. The total phenolic content of lettuce leaves was determined by a modified Folin-Ciocalteu reagent method [30] . About 1 g of fresh leaf tissue was macerated in liquid N 2 with mortar and pestle and mixed with 3 mL 80% (v/v) acetone. The sample was placed into a 1.5 mL tightly covered micro-tube and incubated in darkness at 4˚C overnight. Subsequently, the sample was centrifuged at 1000 rpm for 2 min and the supernatant was used as phenolic extract. A mixture of 135 μL distilled water, 750 μL 1/10 dilution FolinCiocalteu reagent (Sigma-Aldrich, St. Louis, MO, USA) and 600 μL 7.5% (w/v) Na 2 CO 3 was added to 50 μL of phenolic extract in a 1.5 mL micro-tube. After vortexing for 10 s, the mixture was incubated at 45˚C in a water bath for 15 min. Samples were allowed to cool at room temperature before measuring the absorbance at 765 nm by a spectrophotometer (U-1100, Hitachi Ltd. Japan). A blank was prepared using 50 μL 80% (v/v) acetone. A gallic acid standard curve was prepared from a freshly made stock solution of 1 mg·mL -1 gallic acid (Acros Organics, Belgium) in 80% (v/v) acetone.
Antioxidant Capacity
The sample collection for the measurement of antioxidant capacity was the same as those for the analysis of total phenolic content. A modified ABTS (Aminobenzotriazole) method was used to analyze the antioxidant capacity of lettuce leaves [31] . Antioxidants were extracted by 5 mL extraction solution [acetone: water: acetic acid = 70:29.5: 0.5, (v:v:v)] from about 1 g of lettuce frozen in liquid N 2 . A 1 mL of the extract placed into a 1.5 mL tightly covered micro-tube was incubated in darkness at -20˚C overnight. Subsequently, the solution was centrifuged at 1000 rpm for 2 min. ABTS [(2.5 mM) (Roche Diagnostics, Indianapolis, IN, USA)] stock solution was prepared and 0.4 g of MnO 2 (Acros Organics, Belgium) was added to 20 mL of stock solution to generate ABTS radical cations (ABTS * ), stirring the mixture occasionally for 30 min at room temperature. Excess MnO 2 was removed by filtration first using a filter paper (No. 1, Whatman plc., UK) through a Buchner funnel, and then with a 0.2 μM syringe-end filter (Millipore Corp., Bedford, MA, USA). The ABTS * solution was incubated at 30˚C in a water bath during the analysis and was diluted to an absorbance 0.7 (±0.02) at 730 nm with 5 mM PBS [phosphate buffer saline, pH 7.4, ionic strength (150 mM NaCl)]. A 100 μL of the extract was add to 1 mL of ABTS * solution. The solution was vortexted for 10 s and its absorbance was recorded at 730 nm by a spectrophotometer (U-1100, Hitachi Ltd. Japan) at the end of 1 min reaction time. Trolox [(6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) (Acros Organics, Belgium)] was used as a standard for quantification.
High-Performance Liquid Chromatography (HPLC) Analyses
The extraction of phenolic compounds from lettuce leaves was carried out as described by Nicolle, et al. [32] with minor modifications. Three leaves collected from separate plants at the time of harvest were used per treatment.
Frozen leaf sample (1 g) macerated in a mortar with a pestle using liquid N 2 was mixed with 50 mL of 70% methanol at 80˚C for 1 min. After stirring at room temperature for 1 h, the mixture was filtered through a filter paper (No. 1, Whatman plc., UK). The extract (25 mL) was evaporated to dryness by a rotary evaporator (Rotavapor R110, Brinkmann Instruments, Inc., Westbury, NY, USA) under reduced pressure at 50˚C and then resuspended in 5 mL of 70% methanol. The concentrated solution was filtered through a 0. 
Plant Growth Characteristics
Data on biomass accumulation in lettuce were collected at 5 and 7 weeks after germination. Fresh and dry weights of roots and shoots were determined using six lettuce plants per each treatment. Immediately after collecting samples, fresh weights of roots and shoots were measured in the field. The samples were dried at 70˚C in an oven for 3 d for the determination of their dry weights.
Statistical Analysis
Analysis of variance (ANOVA) was performed by the statistical analysis system program (SAS Institute, Inc., Cary, NC, USA). Duncan's multiple range test was used to compare means.
Results and Discussion
There were no significant differences in the total phenolic content or antioxidant capacity between lettuce crops grown organically and conventionally with or without fertilization (Figure 1) . However, organic management enhanced the accumulation of some key phenolic compounds in lettuce. Chicoric acid was the dominant phenolic compound in lettuce followed by chlorogenic acid. Organic management of the crop resulted in a significant increase in the levels of chicoroc acid and quercetin glycoside in lettuce over conventional management. The conspicuous increase was in the chicoric acid content which nearly doubled by organic management practices while no differences were observed in amount of other phenolic compounds including chlorogenic and caffeic acids and luteolin glycoside between organic and conventional management practices (Figure 2) . Similar results have been observed in lettuce in response to a number of abiotic stresses in a growth chamber study [18] . In our previous study, levels of chicoric acid and other phenolic compounds increased significantly due to a brief exposure of lettuce plants to stress conditions including chilling, heat shock and high light (800 μmol/m 2 /s) with high light producing the largest response of a four-fold increase over the control. This was confirmed in a recent field study with green and red leaf lettuce, where lettuce grown in open field with exposure to direct solar radiation produced more chicoric acid than did the crop grown in high tunnels [24] . Similarly, higher chicoric acid was found to accumulate in young lettuce seedlings grown in open field than under greenhouse conditions [33] . In addition, recurring mild water stress in lettuce was also found to increase chicoric acid by 2-fold and the expression of gene, phenylalanine ammonia-lyase (PAL), which encodes for the gateway enzyme in the phenylproponoid pathway responsible for the biosynthesis of a wide range of phenolic compounds [19] . The increase in the amount of chicoric acid in lettuce due to organic management was the largest (more than 0.8 mg/g FW). Chicoric acid has been extensively investigated as an effective inhibitor of HIV-1 integrase, an antiretroviral agent for developing effective therapies against AIDS. Chicoric acid was found to be a potent component in combination therapy and can act in a synergistic fashion with drugs that target other enzymes including Zidovudine, the first antiretroviral drug approved (nucleoside analog reverse transcriptase inhibitor) and a Nelfinavir (a protease inhibitor) [1] . Interestingly if chicoric acid was included in the drug regimen, the dose of these retroviral drugs could be reduced by more than 33% to obtain equivalent effect in controlling HIV-1 [34] . This may have the distinct advantage of reducing both the potential toxicity and the high cost associated with these drugs in treating AIDS.
However, it should be noted that although large increases in chicoric acid and quercetin glycoside were noted with organic management, this trend was neither reflected in the overall content of phenolic compounds nor in the total antioxidant activity. In a study comparing organic and conventional management practices in lettuce, Zhao, et al. [35] observed similar results where no significant differences in either total phenolic accumulation or in some individual phenolic compounds that did not include chicoric acid.
Fertilization generally reduced the overall phenolic content and antioxidant capacity in both organically and conventionally managed crops. It significantly reduced the accumulation of some key phenolic compounds including chicoric acid, chlorogenic acid, caffeic acid and quercetin glycoside only under organic management while it did not have any effect on the accumulation of these compounds under conventional management. In fact, caffeic acid accumulation was completely suppressed by organic fertilization in lettuce but not in conventionally managed crop. It is interesting that organically managed plants, not receiving any fertilizers, had 4 fold higher chicoric acid content than those receiving fertilization while there was no effect of fertilization in conventionally managed crop. Nitrogen over fertilization has been found to have a negative effect on crop quality by decreasing polyphenol content [36, 37] . Conversely, nutrient deficiency, especially nitrogen has been found to induce phytochemicals such as ascorbic acid, flavanoids, and flavonols in Arabidopsis and tomato [38] [39] [40] [41] . Similarly, the deficiency of other nutrients such as phosphorous, sulfur, and zinc also had an impact on the phytochemicals and related enzymes in several plant species [39, 40, 42] . Our results show that organically managed crops respond differently to fertilizations perhaps because they present unique set of conditions such as slow availability of soil nutrients and enhanced microbial activity [43, 44] , particularly with regard to some specific microbial interactions with plant roots, which are known to induce the accumulation of secondary metabolites in plants [45, 46] . The field plots used in our study have been managed organically for the last 5 years and thus, it is reasonable to expect the presence of a favorable root-microflora interaction which may promote phytochemical accumulation in lettuce crop.
With regard to the growth of lettuce plants, organically grown lettuce produced about 2.5 fold higher shoot biomass (fresh weight basis) at the time of harvest (7 week old) than its conventional counterpart with no fertilization ( Table 1) . Pre-plant application of organic fertilizers to the crop, although producing an unfavorable effect on the chicoric acid content, did not have any significant effect on fresh shoot weight at the time of harvest. The organic plots used here were managed organically for extended period of time and it is likely that they have built up a basal fertility level. Furthermore, addition of organic fertilization will make nutrients available at a slower rate which is likely to result in a rather steady and slower response in plant growth and biomass accumulations. However, in conventional plots, with fertilization, shoot biomass increased but was similar to that grown under organic conditions both at 5 and 7 week stages. Similar trend was also observed in the accumulation of biomass in the roots. The results show that in organically managed lettuce, there was no difference in the crop yields between pre-plant fertilization and no fertilization. However, avoiding pre-plant fertilization did have the additional benefit of increased chicoric acid content in the leaves. Thus, the results show that adoption of long term organic production practices but avoiding pre-plant fertilization is beneficial in enhancing the antiretroviral agent chicoric acid in lettuce by increasing both its content and the crop yield relative the conventionally managed crop.
Conclusion
L-chicoric acid, an antiretroviral agent, is a dominant phenolic compound in lettuce and its accumulation is affected by a number of extrinsic factors including crop production and management practices. The results from this study indicate that organic management practices of lettuce can increase the L-chiocric acid content of leaves nearly 2-fold along with quercetin glycoside content compared to the conventional management practices. However, pre-plant application of fertilizers in organically managed crop resulted in reduced accumulation of many phytochemiclas including L-chicoric, chlorogenic and caffeic acids but did not have any significant effect on the crop yield. Therefore, adopting a long term organic production practices without the pre-plant fertilization is a successful practical strategy to significantly enhance the levels of L-chicoric acid in lettuce crop.
